Viruses that infect the central nervous system may cause acute, chronic, or latent infections. In some cases, the diseases manifested are attributable to viral damage of neurons or supporting parenchymal tissues; in other cases, to immune attack on virally infected cells. They can be spread by excretion, by respiratory droplets or fomites, or, alternatively, by bites of insects or animals. These viruses range from those such as polio (Chapter 1) or rabies (Chapter 3), whose history in man is as old as the earliest records, to those that emerge from animal reservoirs to human hosts for the first time, such as SARS, Hendra, and Nipah viruses (see Chapter 21).
In this section of Neurotropic virus infections, viruses with an RNA genome are described, starting with the simplest, picornaviruses (Chapter 1), to the most complex, alphaviruses (Chapter 6) and flaviviruses (Chapter 7). RNA viruses require an enzyme not found in host cells: RNA-dependent RNA polymerases to generate both sense (mRNA) and antisense RNA copies. Because of the lack of the host cell proofreading capacity for genome copying, errors are frequently introduced. Some of these errors are neutral, others may be deleterious (and are selected against) or, alternatively, potentially beneficial in evading host immune responses ranging from innate immune recognition to host adaptive immune recognition by Th1 or CD8 cells of epitopes expressed by host MHC or MHC molecules, respectively, or of antibody recognition of native proteins expressed by virions or infected host cells.
These chapters are designed to describe the viruses, the diseases they cause, the epidemiology and transmission, medical treatment, as well as outline the areas for future advances.
Neurotropic picornaviruses (Chapter 1) are important pathogens causing gastroenteritis and then acute paralytic diseases. Polioviruses were virtually extinguished from human populations (their only hosts) by the efficacy of the Salk and Sabin vaccines. But poliomyelitis is now undergoing a re-emergence due to issues of religion, politics, and third-world sanitary deficiencies.
Measles virus (Chapter 2) normally causes an acute respiratory and then systemic infection accompanied by a characteristic rash; the attenuated live virus vaccine for this disease is highly effective. However, in a few people who develop natural infections, a chronic infection develops in the central nervous system (CNS), which is identified by its accompanying pathology: subacute sclerosing panencephalitis (SSPE).
Unlike the last two infections, which are spread from person to person, rabies is transmitted by the bite of a rabid animal or bat (see Chapter 21) and replicates locally before crossing the neuromuscular junction and entering peripheral nerves (Chapter 3). Retrograde transport brings the virus to the CNS, where the characteristic disease is manifest. It is among a growing group of viruses that have survived due to the development of proteins that block host responses.
Like measles, coronaviruses are spread by the respiratory route (Chapter 4). While most human 2 Carol Shoshkes Reiss coronaviruses cause exclusively respiratory disease, the emergence of severe acute respiratory syndrome (SARS) virus in Asia in the winter of 2002/2003 was associated with gastrointestinal and central nervous system involvement. Much more is known about murine neurotropic coronaviruses, and insights into these are presented here.
Viruses that are endemic in rodent populations can jump the species barrier to man at times, especially when the host is immune compromised. Arenaviruses fall into this category (Chapter 5). Host immune responses and the mechanisms(s) of disease pathogenesis, including disruption of the blood-brain barrier, have been studied extensively in rodents.
Insect transmission of the alphaviruses (Chapter 6) causing eastern and western equine encephalitis to horses and humans by mosquito bites have led to efforts to suppress the arthropod populations (see also Chapter 20). In contrast to infection by picornaviruses, where older hosts are more severely affected, very young hosts are more likely to die of alphavirus disease. These have been extensively studied in mouse models.
West Nile virus is now the most important cause of human viral encephalitis in North America (Chapter 7). Imported by a bird or mosquito larvae in 1999, this virus has been transmitted to avian species, horses, and humans throughout the continental United States, Canada, and the Caribbean. This flavivirus has caused more attention to insect infestations than any other arbovirus in North America, where dengue and malaria are largely absent. In man, this is a severe disease of the elderly.
Introduction
The family Picornaviridae includes many important human and animal pathogens, such as poliovirus, hepatitis A virus, foot-and-mouth disease virus, and rhinovirus. All picornaviruses are small, nonenveloped viruses with a single-stranded RNA genome of positive polarity, properties that are reflected in the name of the virus family: pico, a small unit of measurement [10 -12 ] , and the nucleic acid of the viral genome, RNA. Poliovirus is the best-studied picornavirus that causes disease of the nervous system, but the family also contains other neurotropic viruses. This chapter will focus on the biology and pathogenesis of picornaviruses that cause neurological disease. Members of the family Picornaviridae are classified into nine genera, four of which contain neurotropic viruses ( 
Virus structure
Picornavirus virions are 30-nm spherical particles that consist of a protein shell surrounding the naked RNA genome. The virus particles lack a lipid envelope, and consequently their infectivity is insensitive to organic solvents. Cardioviruses, enteroviruses, parechoviruses, and teschoviruses are acid stable and remain infectious at pH values of 3.0 and lower. These viruses pass through the stomach to gain access to the intestine and therefore must be resistant to low pH.
The capsids of picornaviruses are composed of four structural proteins: VP1, VP2, VP3, and VP4. The exception is the parechoviruses, which contain only three capsid polypeptides: VP1, VP2, and VP0, the uncleaved precursor to VP2 + VP4. The picornavirus capsid contains 60 structural proteins arranged into an icosahedral lattice (Figure 1.1) [1] . The basic building block of the picornavirus capsid is the protomer, which contains one copy of each capsid protein. The shell is formed by VP1, VP2, and VP3, while VP4 lies on its inner surface. VP1, VP2, and VP3 have no sequence homology; yet, all three proteins form a wedge-shaped, eight-stranded antiparallel ␤-barrel. The wedge shape facilitates the packing of structural units to form a dense, rigid protein shell. The main structural differences among VP1, VP2, and VP3 lie in the loops that connect the ␤-strands and the N-and C-terminal sequences that extend from the ␤-barrel domain. These amino acid sequences give each picornavirus its distinct morphology and antigenicity.
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Vincent Racaniello Resolution of the atomic structure of poliovirus revealed that the virus surfaces have a corrugated topography; there is a prominent star-shaped plateau (mesa) at the five-fold axis of symmetry, surrounded by a deep depression (canyon) and another protrusion at the three-fold axis [2] (Figure 1.1) . It was originally proposed that the canyon is the receptorbinding site, and this hypothesis has been proved for poliovirus and other picornaviruses [3, 4] . The surfaces of cardioviruses lack canyons and have a much smoother appearance [5] . These viruses' other features serve as receptor-binding sites.
The viral genome
The genome of picornaviruses, a single positivestranded RNA molecule, is infectious because it is translated upon entry into the cell to produce all the viral proteins required for replication. The genomes vary in length from 6500 to 9500 bases and are covalently linked at the 5 end to a protein called VPg (Virion Protein, genome linked) [6, 7] , which serves as a primer for viral RNA synthesis [8, 9] . Picornavirus genomes have a similar organizational pattern (Figure 1 .2). The long (624 to 1,199 nucleotides) and structured 5 -noncoding regions contain sequences that control genome replication and translation. The 5 -noncoding region contains the internal ribosome entry site (IRES) that directs translation of the mRNA by internal ribosome binding. The 5 -untranslated regions of cardioviruses contain a poly(C) tract that varies in length among different virus strains. Following the 5 -noncoding region is a single open reading frame on the viral RNA that is translated into a polyprotein that is processed to form individual viral proteins. The polyprotein is cleaved during translation by virus-encoded proteinases so that the fulllength product is not normally observed. At the 3 end of the picornavirus genome is the 3 -noncoding 6 Vincent Racaniello 
Viral replication

Virus entry into cells
The first step in picornavirus infection is attachment to a cell receptor. Different types of cell surface molecules serve as cellular receptors for picornaviruses (Table 1. 2), and some are shared among picornaviruses and members of other virus families.
For example, the cell surface protein CD55 is a receptor for certain coxsackieviruses A and B, echoviruses, and enterovirus 70. The poliovirus receptor, CD155, is also a receptor for alphaherpesviruses [13] . For some picornaviruses, such as poliovirus, a single type of receptor is sufficient for virus entry into cells. A second molecule, or coreceptor, is needed for entry of other viruses. For example, coxsackievirus A21, which attaches to CD55, requires intercellular adhesion molecule 1 (ICAM-1) for entry into cells [14] .
The cell receptor for all three poliovirus serotypes is CD155, a glycoprotein that is a member of the immunoglobulin superfamily of proteins [15] . CD155 is composed of three extracellular immunoglobulin-like domains: a membrane-distal V-type domain that binds poliovirus, followed by two C2-type domains. The first Ig-like domain contains the site that binds poliovirus [3,4,16 to 23] . Alternative splicing of mRNA leads to the synthesis of two membrane-bound isoforms, CD155␣ and CD155␦, and two isoforms that lack transmembrane domains and are secreted from the cell [15, 24] . The secreted isoforms' function is unknown. The membranebound isoforms are adhesion molecules, participating in formation of adherens junctions by interacting with nectin-3, an immunoglobulin-like protein related to CD155 [25] . CD155 is also a recognition molecule for natural killer (NK) cells and interacts with CD226 and CD96 on NK cells to stimulate cytotoxic activity [26, 27] . Cytomegalovirus evades NK cell-mediated killing because the viral UL141 protein blocks surface expression of CD155 [28] .
After attachment to a cellular receptor, the picornaviral capsid dissociates, releasing the RNA genome, which then enters the cytoplasm, the site of replication. For some picornaviruses, interaction with a cell receptor tethers virions on the cell surface; release of the genome is achieved by other means, such as low pH or coreceptor activity. For other picornaviruses, the cell receptor initiates conformational changes in the virus that lead to release of the genome.
Interaction of poliovirus with domain 1 of CD155 causes a conformational change in the capsid; these particles, called altered (A) particles, contain the viral RNA but lack the internal capsid protein VP4. The N-terminus of VP1, which is normally on the interior of the capsid, is on the surface of the A particle [29] . In one hypothesis for poliovirus entry, the exposed lipophilic N-terminus of VP1 inserts into the cell membrane, forming a pore through which the viral RNA can travel to the cytoplasm [30, 31] .
Many enteroviruses, including echoviruses, coxsackieviruses, and enterovirus 70, bind to decayaccelerating factor (DAF, or CD55), a member of the complement cascade (Table 1. 2). Interaction with CD55 is usually not sufficient for infection because it does not lead to conformational changes in the virus as observed after poliovirus binding to CD155. Similarly, echovirus type 1 binds to the integrin ␣2␤1, but this interaction does not lead to conformational changes in the particle. Some coxsackieviruses bind to CD55, but conformational changes occur upon subsequent binding to Ig superfamily molecules such as ICAM-1 [14] or the coxsackievirus and adenovirus receptor (CAR) [32] . Additional coreceptors are believed to be required for conformational alteration of echoviruses. Candidate molecules include ␤2-microglobulin [33], complement control protein CD59, and heparan sulfate [34, 35] .
A specific role for coreceptors in virus entry is illustrated by coxsackievirus B3 infection of polarized epithelial cells [36] . CAR, which mediates cell entry of all coxsackie B viruses [37] , is not present on the apical surface of epithelial cells that line the intestinal and respiratory tracts, but it is a component of the tight junction and is inaccessible to virus entry. Coxsackie B viruses also bind to a second receptor, CD55, which is present on the apical surface of epithelial cells. Coxsackievirus B3 binding to CD55 activates Abl kinase, which in turn triggers Rac-dependent actin rearrangements leading to virus movement to the tight junction where it can bind CAR and enter cells [36] . Virus binding to a coreceptor therefore allows access to the receptor required for cell entry.
Uncoating of the poliovirus genome probably occurs either at the plasma membrane or from within endosomes. Drugs that block acidification of endosomes do not inhibit poliovirus infection [38] , and arrest of the clathrin-dependent endocytic pathway using dynamin mutants that prevent clathrincoated pit budding have no effect on poliovirus replication [39] . Endocytosis alone is not sufficient to trigger poliovirus uncoating, because antibodycoated poliovirus particles cannot effectively infect cells expressing Fc receptors, which are efficiently endocytosed [40, 41] . CD155-mediated conformational changes in poliovirus are clearly important for the uncoating process.
Internalization of echoviruses that bind ␣2␤1 integrin or CD55 initiates in lipid rafts followed by endocytosis into caveolae or caveosomes [42] . It is not known how the EV1 genome reaches the cytoplasm from these membranous vesicles.
Translation and proteolytic processing
After the positive-stranded viral RNA enters the cytoplasm, it is translated to provide viral proteins essential for genome replication and the production of new virus particles. The positive-stranded picornavirus RNA genomes lack 5 -terminal cap structures and cannot be translated by 5 -end dependent mechanisms. The 5 -untranslated region of the positivestrand RNAs harbors an internal ribosome entry site (IRES) that promotes internal binding of the 40S ribosomal subunit and allows 5 -end independent translation (Figure 1.2) . Picornavirus IRESs have little nucleotide sequence identity, but they contain extensive regions of RNA secondary structure that are crucial for ribosome binding. Translation initiation mediated by the IRES of enteroviruses involves binding of the 40S ribosomal subunit to the IRES and scanning of the subunit to the AUG initiation codon. The 40S subunit probably binds at the AUG initiation codon of the encephalomyocarditis virus (EMCV) IRES. It is believed that the 40S ribosomal subunit is recruited to the IRES through interaction with eIF3 bound to the C-terminal domain of the translation initiation protein eIF4G, which binds directly to the IRES.
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Ribosome binding to the picornavirus IRES requires cell proteins other than the canonical translation proteins. Such proteins are identified by their ability to bind the IRES and restore internal initiation in reticulocyte lysates, in which IRESmediated translation is inefficient. Cell proteins required for IRES-mediated initiation include the La protein, which binds to the 3 end of the poliovirus IRES [43] and stimulates the activity of the poliovirus and EMCV IRES [43, 44] . Other proteins include polypyrimidine tract-binding protein, a regulator of pre-mRNA splicing [45, 46] ; unr, an RNAbinding protein with five cold-shock domains [47] ; and ribosome-associated poly r(C)-binding proteins [48, 49, 50] . A common property of cellular proteins needed for IRES activity is that they are RNA-binding proteins that can form multimers with the potential to contact the IRES at multiple points. This observation has led to the hypothesis that these cell proteins may act as RNA chaperones and maintain the structure of the IRES in a configuration that allows direct binding to the translational machinery [51] .
Picornavirus proteins are produced by the translation of the single open reading frame encoded by the viral positive-stranded RNA genome, followed by cleavage of the polyprotein by virus-encoded proteinases. The polyprotein is processed cotranslationally by intramolecular reactions (in cis), followed by secondary processing in cis or in trans (intermolecular). The genomes of enteroviruses encode two proteinases: 2A pro , and 3C pro /3CD pro , which carry out cleavage of the polyprotein (Figure 1 .2). The cardiovirus, parechovirus, and teschovirus genome encodes only one proteinase, 3C pro /3CD pro .
RNA synthesis
Picornavirus RNA synthesis is carried out by the virus-encoded RNA-dependent RNA polymerase, 3D pol , a primer-and template-dependent enzyme that specifically copies picornavirus RNA and not cellular RNAs. The RNA polymerase 3D pol is produced by cleavage of a precursor protein, 3CD pro , which is active as a proteinase but has no RNA polymerase activity. The primer for viral RNA synthesis is VPg, the small protein linked to the 5 end of viral RNA. VPg is first uridylylated to form VPg-U-U, a reaction that is carried out by 3D pol using as a template a short RNA hairpin structure (50-100 nt), the cis-acting replication element, cre, located in the coding region of the picornavirus genome [52, 53, 54] . The first step in genome replication is copying the positive-stranded RNA to form a negative- initiates RNA synthesis at the 3 -poly(A) tail and produces a complete (−) strand copy of the viral genome. The product is a double-stranded RNA intermediate, which is believed to serve as a template for synthesis of (+) strand viral RNA. Synthesis of (+) strand viral RNA also requires uridylylated VPg [56, 57] . Picornavirus RNA synthesis takes place on the cytoplasmic surfaces of membranous vesicles that are induced by viral infection [58, 59, 60] . It is thought that the replication complex is recruited to these vesicles by the interaction of 3AB, which is inserted into the membrane via a hydrophobic domain, with 3D pol and 3CD pro . Membrane remodeling is induced by several virus proteins, including 2BC, 2C, and 3A. During viral replication, the endoplasmic reticulum (ER) and Golgi are destroyed, and the cytoplasm fills with double-membraned vesicles [61, 62] . The vesicles induced during poliovirus and rhinovirus infection appear to be derived from the cellular autophagosomal pathway; they bear several hallmarks of autophagosomes, including a doublemembraned structure, the presence of cytoplasmic content within the vesicles [62] , and colocalization with autophagosomal markers [63] .
Once the pool of capsid proteins is sufficiently large, encapsidation of the viral RNA begins. Coat protein precursor P1 is cleaved to produce an immature protomer, which then assembles into pentamers. Newly synthesized, positive-stranded RNA associates with pentamers, which then form the provirion, a particle that contains the viral genome, VP1, VP3, and VP0. Cleavage of VP0 to VP4 + VP2 stabilizes the capsid and creates the infectious virion [64] . VP0 is probably cleaved by an autocatalytic mechanism mediated by the viral RNA [65] .
The time required for a single replication cycle ranges from 5 to 10 hours, depending on many variables, including the particular picornavirus, temperature, pH, host cell, and multiplicity of infection. Many picornaviruses are released as the cell loses its integrity and lyses, although there is evidence that some viruses, such as poliovirus, might be released from cells by nonlytic mechanisms [63] .
Pathogenesis Poliomyelitis
Near the beginning of the twentieth century epidemics of poliomyelitis, a previously rare disease, began to occur in the United States and Europe. The etiologic agent of this disease, poliomyelitis virus (derived from polios and myelos, Greek for gray and matter) was isolated in 1908 [66] . Research on the virus over the next 40 years led to the development of two effective vaccines. Global eradication of polio now seems within grasp, although lingering pockets of disease confound this goal [67] .
Infection with poliovirus begins when the virus is ingested and multiplies in the oropharyngeal and intestinal mucosa (Figure 1.3) [68, 69] . Virus shed in the feces of infected individuals is largely responsible for transmission of infection. From the primary sites of multiplication in the mucosa, virus drains into cervical and mesenteric lymph nodes and then to the blood, causing a transient viremia [68] . Most natural infections of humans end at this stage with a minor disease consisting of symptoms such as sore throat, fever, and malaise. Replication at extraneural sites is believed to maintain viremia beyond the first stage and increase the likelihood of virus entry into the central nervous system. These extraneural sites might include brown fat, reticuloendothelial tissues, and muscle [70, 71, 72] . In 1-2% of infected individuals, the virus enters the central nervous system and replicates in motor neurons within the spinal cord, brain stem, or motor cortex. Viral replication in motor neurons within the spinal cord leads to the characteristic muscle paralysis.
Because only 1-2% of poliovirus infections lead to poliomyelitis, the neurological phase of infection can be viewed as an accidental diversion of the enteric stage. Spread of poliovirus within the population and survival of the virus depend only on viral multiplication in the alimentary tract. It is not known why poliovirus only rarely invades the central nervous system. One hypothesis comes from the observation of a genetic bottleneck in poliovirus spread from peripheral sites to the brain in mice [73] . When a mixture of four genetically marked viruses is inoculated peripherally into mice, only a subset can be detected in the brain. Two mechanisms were proposed to explain the bottleneck. The pathway the virus must travel from the periphery to the brain might be difficult, and each virus has a low probability of reaching the brain. Alternatively, those viruses that initially reach the brain might induce an innate antiviral state that prevents entry and spread of other viruses (see Chapter 14, Innate immunity in the CNS). Such a bottleneck could explain the stochastic nature of poliomyelitis during outbreaks of the disease.
Host range
Humans are the only known natural hosts of poliovirus. Chimpanzees and old world monkeys such as rhesus, cynomolgous, and African green monkeys can be experimentally infected. The resistance of mice and other species to infection by poliovirus is likely due to the absence of a suitable cell receptor. Cultured mouse cells are not susceptible to poliovirus infection, but they are permissive, i.e., they produce infectious virus after transfection with viral RNA [74, 75] . The synthesis of CD155 in mouse L cells or in transgenic mice confers susceptibility to infection [15, 76, 77] . Orthologs of the CD155 gene are present in the genomes of a number of
